Summary Hypoxia-inducing factor-1 alpha (HIF-1α), is a major survival factor for tumor cells growing in a low oxygen environment. The anti-cancer agent imexon binds thiols and causes accumulation of reactive oxygen species (ROS) in pancreatic cancer cells. Unlike many cytotoxic agents, imexon is equi-cytotoxic in human MiaPaCa-2 and Panc-1 cells grown in normoxic (21% O 2 ) and hypoxic (1% O 2 ) conditions. Western blot analyses of imexontreated cells demonstrated that imexon reduces HIF-1α protein levels in both normoxic and hypoxic conditions in a time-and concentration-dependant fashion. Gemcitabine did not similarly affect HIF-1α levels. Imexon did not reduce transcription of new HIF-1α mRNA, but did reduce the synthesis of new proteins, including HIF-1α, measured by 35 S methionine/cysteine (Met/Cys) incorporation. Concurrently, the half-life of existing HIF-1α protein was increased by imexon, in association with a marked inhibition of chymotryptic activity in the 20S proteasome. The inhibition of HIF-1α translation was not specific, rather it was part of a general decrease in protein translation caused by imexon. This inhibitory effect on translation did not involve phosphorylation of eukaryotic initiation factor-2α (eIF-2α) and was not closely correlated to cell growth inhibition by imexon, suggesting that mechanisms other than protein synthesis inhibition contribute to the drug's cytotoxic effects. In summary, imexon blocks the translation of new proteins, including HIF-1α, and this effect overcomes an increase in the stability of preformed HIF-1α due to proteasome inhibition by imexon. Because net HIF-1α levels are reduced by imexon, combination studies with other drugs affected by HIF-1α survival signaling are warranted.
Introduction
Imexon is an aziridine-containing small molecule which has shown signs of clinical activity in phase I studies of several refractory tumor types [1] , as well as in a phase I study in patients with metastatic pancreatic cancer [2] . The mechanism of action for this agent has been shown to involve binding to thiols [3] leading to a buildup of reactive oxygen species and apoptosis mediated largely through the intrinsic (mitochondrial) pathway [4] [5] [6] . These effects have also been observed in human pancreatic cancer cell lines in vitro [7] . Previous mechanistic studies in human lymphoma cell lines showed that imexon-induced protein synthesis inhibition occurred at concentrations within the range shown to inhibit lymphoma cell growth in vitro [8] . The reduction in protein synthesis in the lymphoma cell lines was much greater than inhibitory effects on the synthesis of DNA and RNA, suggesting that protein synthesis inhibition was one mechanism contributing to imexon's cytotoxicity. Recognizing that the initiation of protein translation may be due to the phosphorylation (inactivation) of the redox-sensitive translation factor eIF-2α in oxidatively stressed cells [9] [10] [11] , in this report we investigated whether this may be one mechanism for imexon's inhibitory effects on protein synthesis.
The clinical activity noted for imexon in pancreas cancer in a phase I trial [1] , and the observed cytotoxic effects of the drug in pancreas cancer cell lines in vitro has led to the initiation of a randomized phase II trial of gemcitabine and imexon in metastatic pancreatic cancer at several sites across the US. This trial, which started in March 2008, will attempt to overcome the lack of activity seen with other gemcitabine combinations in pancreatic cancer, including negative phase III trials of gemcitabine with fluorouracil, oxaliplatin, capecitabine, and most recently, with the VEGF-inhibitor bevacizumab and the EGF 1 receptor inhibitor, cetuximab [12, 13] . Even the recently-approved combination of gemcitabine with the EGF-receptor kinase inhibitor erlotinib (Tarceva®), improved median overall survival by only 2 weeks [14, 15] . This suggests that new agents with novel mechanisms of action are needed for pancreatic cancer.
One explanation for the lack of highly effective agents to treat advanced pancreatic cancer is the observation from surgical specimens that human pancreatic adenocarcinomas typically contain large areas of hypoxia, and this involves not just the hypo-perfused core of large solid tumor masses [16] , but also a ring of hypoxic tissue at the expanding cancer/normal tissue interface [17] . Hypoxic cancer cells activate the survival protein, hypoxia-inducing factor-1 alpha (HIF-1α), as a means of adapting to growth in conditions of low oxygen tension [18] [19] [20] [21] . This cytoplasmic protein is rapidly degraded in normoxia, but under hypoxia, it is stabilized against proteasomal degradation by inhibition of oxygen-dependent proline hydroxylases [22] . This allows HIF-1α levels to accumulate in the cytoplasm of hypoxic cells and then translocate to the nucleus where they can dimerize with the constitutively expressed nuclear subunit partner, HIF-1β, (also known as the aryl hydrocarbon nuclear translocator, or ARNT). The resultant complex can then bind to hypoxia response elements (HREs) within the promoters of target genes, and initiate transcription of a variety of cell survival genes. Cell survival genes regulated by HIF-1α include angiogenic growth factors such as vascular endothelial growth factor (VEGF) and its receptor FLT1, a series of glycolysis proteins (GLUT1, GLUT3, aldolase A and C, lactate dehydrogenase, hexokinase and phosphofructokinase), hematopoietic factors such as erythropoietin alpha, and metabolic survival factors such as insulin-like growth factor (IGF) factor 1 and the IGF binding proteins 1, 2 and 3 [22, 23] . HIF-1α transactivation has been associated with resistance to apoptosis induced by both chemotherapy and radiotherapy [24] . These hypoxic cells are also capable of developing new vasculature which promotes both local tumor growth and distant metastatic spread [25] .
Hypoxic cancer cells express broad resistance to many different chemotherapy agents, including those used in the treatment of pancreatic cancer [26] . For example, hypoxia markedly increases the resistance to gemcitabine in L3.6pl human pancreatic cancer cells, possibly through activation of the MAPK (Erk) pathway [27] . However, the effects of gemcitabine and imexon on HIF-1α activity are unknown. The effect of imexon on HIF-1α activity in hypoxic pancreatic cancer cells had also not been explored nor the effect of imexon on protein synthesis in pancreatic cancer cells. While the effects of imexon on hypoxic cell signaling were unknown, reactive oxygen species (ROS) generated by imexon might alter hypoxia signaling since it has previously been reported that ROS tend to stabilize HIF-1α levels [28] [29] [30] 31] . If this occurred with imexon, it might theoretically enhance HIF-1α transcriptional activity [28, 29] and improve cancer cell survival in hypoxic conditions [30] . Overall, these observations suggested some testable hypotheses involving imexon's activity in hypoxic pancreatic cancer cells: (1) that imexon might block protein synthesis and thereby reduce HIF-1α levels, or (2) that imexon might alternatively cause an ROS-mediated increase in HIF-1α activity commensurate with a loss of cytotoxic potency in hypoxic pancreatic cancer cells. Our findings show that imexon remains active in hypoxic cells, and does increase HIF-1α protein stability by inhibiting proteasomal degradation. However, there is an over-riding inhibition of new protein translation by imexon which causes a net decrease in global protein synthesis, including HIF-1α protein in both normoxic and hypoxic pancreatic cancer cells in vitro. These results contrast with the lack of an effect on HIF-1α expression or cytotoxic sensitivity of hypoxic pancreas cancer cells with gemcitabine.
Materials and methods

Cell culture
MiaPaCa-2 and Panc-1 and cells were purchased from the American Type Culture Collection (Manassas, VA) and cultured in a humidified incubator at 37°C, 5% CO 2 , in CellGro RPMI 1640 (Mediatech, Herndon, VA) supplemented with 10% heat-inactivated bovine calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen, Carlsbad, CA).
The MiaPaCa-2 cells (CRL-1420) are an adherent epithelial human pancreatic cancer cell line with a doubling time of approximately 40 h [32] . The Panc-1 cells (CRL-1469) are an undifferentiated human pancreatic epithelial cell line with a doubling time of approximately 52 h [33] .
For experiments requiring hypoxia, cells were trypsinized, replated, and allowed to adhere before placing under hypoxic conditions for 16 h, when drug treatment was initiated. Cells under hypoxia were cultured in a Ruskinn InVivo 4000 hypoxia chamber (BioTrace International, Bothell, WA) set at 1% O 2 . Monoclonal antibody to HIF-1α was purchased from BD Biosciences (San Jose, CA), and monoclonal antibodies to Lamin A/C, total eIF-2α and phospho-eIF-2α (Ser51) were purchased from Cell Signaling Technology (Danvers, MA). The synthesis of HIF-1α was evaluated using dynamic labeling of new proteins via the Express 35 S Protein Labeling Mix® (Perkin Elmer, Wellesley, MA). The proteasome inhibitor MG132 [34] was obtained from BioMol International (Plymouth Meeting, PA).
Cytotoxicity assays
Cytotoxicity assays were performed according to the microculture tetrazolium dye method of Mosmann, which measures the activity of mitochondrial reductases [35] . Briefly, cells are seeded in 96 well plates and incubated for the indicated time in the presence or absence of imexon, under normoxic or hypoxic conditions. The MTT dye is added and the cells incubated an additional 4 h prior to solubilizing the formazan complex with DMSO and reading the absorbance at OD 565 . Cell growth inhibition data are expressed as percent survival, compared to untreated cells. The IC 50 is defined as the drug concentration required to produce 50% growth inhibition.
Western blots
Panc-1 or MiaPaCa-2 cells were cultured with imexon or gemcitabine, or in subsequent experiments with MG132, for 24 h. For studies which involved proteasome inhibition, 50-500 nM of MG132 was added to cultures 15 min prior to adding imexon. Whole cell lysates or nuclear lysates were prepared using Active Motif's nuclear extract kit (Carlsbad, CA) and protein quantitated using a bicinchoninic acid (BCA) colorimetric assay (Pierce Biotechnology Inc., Rockford, IL. For chemiluminescent western blots, proteins were separated using SDS-polyacrylamide gel electrophoresis, transferred to Immobilon-P PVDF® membranes (Millipore, Bedford, MA), and immunoblotted for HIF-1α or Lamin A/C. Proteins were detected by standard immunoblot techniques using SuperSignal West Dura or Pico chemiluminescent substrate following manufacturer's instructions (Pierce Biotechnology, Inc.). Analysis of total and phosphorylated eIF-2α was carried out using the Odyssey Infared (IR) Imaging System (LI-COR, Lincoln, Nebraska), using IR secondary antibodies (IRDye 680 or IRDye 800). Due to the separate emission spectra of these dyes (710 λ and 795 λ, respectively), we are able to visualize total and phosphorylated eIF-2α concurrently. 35 S-methionine/cysteine incorporation studies The 35 S-labeling method of Shain et al. was used to evaluate the dynamics of HIF-1α protein synthesis and degradation in imexon-treated cells [36] . Cells were pretreated with 1,000 μM of imexon for 2 h prior to depletion in methionine-and cysteine-free media, (which included 10% dialyzed FBS) for 1 h. The 35-sulfur labeled methionine/cysteine ( 35 S-Met/Cys) Protein Labeling Mix (100 μCi/ml) was then added for 1 h, after which time the "pulse" media was removed. Cells were washed, and incubated with complete media for up to 3 h. All labeling conditions were done in the presence of 1,000 μM imexon. Cells were collected at 0, 1, 2, and 3 h, washed with ice cold PBS, and lysates immunoprecipitated for HIF-1α protein.
Immunoprecipitated proteins were separated by SDS-polyacrylamide gel electrophoresis. The gels were dried and densitometric analysis of bands performed using Molecular Dynamics ImageQuant software version 5.1 (Amersham Biosciences Corp, Piscataway, NJ).
Proteasome activity assay 20S Proteasome activity was measured using BioMol's QuantiZyme Assay System (BioMol International, Plymouth Meeting, PA). The assay uses a fluorogenic, nonradioactive substrate which measures chymotrypsin-like protease activity of purified 20S proteasome. Epoxomicin was used to provide rapid, potent and irreversible inhibition of 20S proteasome chymotrypsin-like activity [37] . Purified human erythrocyte 20S proteasome enzyme (0.2 μg) was incubated with various concentrations of imexon or epoxomicin, and 75 μM Suc-LLVY-AMC substrate, in the provided assay buffer. Fluorescence readings (excitation 360 λ, emission 460 λ) were taken at 1 min intervals for 1 h, after allowing an initial 10 min equilibration at room temperature to allow inhibitor/enzyme interaction. Seven-amino-4-methylcoumarin (AMC) was used as a calibration standard. The specific activity (SA) of the samples were determined from the linear portion of the curve, and calculated as follows: SA (pmol/min)=slope (AFU/min)×conversion factor (μM/AFU)×assay volume (μl), where the conversion factor=1/slope of the prepared standard curve. (AFU=arbitrary flourescence units)
To measure 20S proteasome activity in imexon treated cells, cells were treated with 0-750 μM imexon or 0-500 nM MG132 for 24 h, lysed, and equivalent amounts of total cellular protein assayed for 20S proteasome activity. As with all studies comparing normoxia and hypoxiatreated cells, cells were plated and allowed to adhere before placing into the hypoxia chamber overnight (16 h), prior to drug treatment.
Determination of HIF-1α half-life
Cells were treated with or without imexon concurrently with 20 μg/ml cycloheximide, a standard inhibitor of protein synthesis. After 30, 60, 90 or 120 min of cycloheximide exposure, cells were harvested and nuclear lysates prepared. Equivalent amounts of nuclear lysate were separated using SDS-polyacrylamide gel electrophoresis and probed for HIF-1α protein using standard immunoblot detection techniques.
14-C valine incorporation studies
Total protein synthesis was analyzed by 14 C valine incorporation studies. Cells were plated in 96 well plates and exposed to imexon for 24 h, followed by the addition of 0.5 μCi/ml of Fig. 1 Concentration dependent decrease in active HIF-1α protein after 24 h imexon under normoxic (a and b) and hypoxic (c and d) conditions. Cells were cultured under normoxic or hypoxic conditions (1% O 2 ) for 16 h prior to exposing to imexon or gemcitabine for 24 h, harvested and nuclear lysates prepared. Nuclear lysates were separated by SDS-PAGE and immunoblotted for HIF-1α protein. Lamin A/C serves as a loading control. a Panc-1, normoxia; b MiaPaCa-2, normoxia; c Panc-1, hypoxia; d MiaPaCa-2, hypoxia Fig. 3 a Direct inhibition of 20S proteasome activity by imexon in a cell-free system. Purified human erythrocyte 20S proteasome enzyme (0.2 μg) was incubated with increasing concentrations of imexon or epoxomicin, and 75 μM Suc-LLVY-AMC substrate. Fluorescence readings were taken at 1 min intervals and the specific activity (SA) was calculated as follows: SA (pmol/min)=slope (AFU/min)×con-version factor (μM/AFU)×assay volume (μl), where the conversion factor=1/slope of the standard curve, which was prepared using 7-amino-4-methylcoumarin (AMC). b Inhibition of 20S proteasome activity in imexon treated MiaPaCa-2 cells. Cells were treated with increasing concentrations of imexon or MG132 for 24 h, lysed, and equivalent amounts of total cellular protein assayed for 20S proteasome activity. Cells cultured under normoxic conditions (left) are compared to cells cultured under hypoxic conditions (right) other anti-cancer agents which are reported to lose activity under hypoxic conditions [26] .
Effect of imexon and gemcitabine on HIF-1α levels To investigate the effect of imexon on HIF-1α expression, pancreatic cell lines were exposed to imexon or gemcitabine for 24 h and HIF-1α expression was measured by Western blotting. Imexon-treated pancreatic cancer cells showed a concentration-dependant decrease in nuclear HIF-1α protein levels in both Panc-1 cells (Fig. 1a and c) and MiaPaCa-2 cells (Fig. 1b and d) . Because HIF-1α activity requires nuclear localization and dimerization with HIF-1β, we present results obtained from nuclear lysates, although results obtained using total cell lysates revealed a similar pattern (data not shown). The 24 h exposure time was selected for these studies based on prior data demonstrating that imexon-induced apoptosis in Panc-1 cells became prominent after 24 h and increased to a maximum after 48-72 h of drug exposure [7] . Thus, at the 24 h time point, the cells are beginning to undergo apoptosis but it is not yet detectable in the majority of cells evaluated by flow cytometry for Annexin V binding [7] . Figure 1 also illustrates that imexon-induced loss of HIF-1α protein levels occurs under both normoxic and hypoxic conditions, whereas gemcitabine does not affect HIF-1α levels, under either normoxia or hypoxia in both Panc-1 and MiaPaCa-2 cells (Fig. 1) .
Effect of imexon on proteasomal degradation of HIF-1α HIF-1α stability is regulated by the ubiquitin proteasome degradation pathway, which is inhibited under hypoxic conditions [22] . Our preliminary studies confirmed that MiaPaCa-2 cells do possess a functioning proteasomal degradation pathway and that HIF-1α is rapidly degraded under normoxic conditions (data not shown). When we added MG132 to MiaPaCa-2 cells prior to co-culture with imexon, we saw a reversal of the loss of HIF-1α protein normally seen upon imexon addition, suggesting that the imexon-induced loss of HIF-1α protein might involve proteasomal degradation (Fig. 2) .
Next, we evaluated the specific inhibition of 20S proteasome chymotrypsin-like activity using Suc-LLVY-AMC fluorogenic substrate in both a cell free system and in MiaPaCa-2 cells treated with imexon. To evaluate direct inhibition of 20S proteasome activity by imexon, purified human erythrocyte 20S proteasome enzyme was incubated with Suc-LLVY-AMC substrate and imexon in a cell-free system. The results, shown in Fig. 3a , demonstrate a concentration dependent inhibition of 20S proteasome activity by imexon, and this inhibition was additive when imexon was combined with the proteasome inhibitor epoxomicin. To determine if imexon inhibition of the 20S proteasome also occurred in cells, MiaPaCa-2 cells were incubated with imexon (24 h) or MG132 (positive control), and cell lysates were assayed for 20S proteasomal activity. Lysates were prepared from cells treated under both normoxic and hypoxic conditions (Fig. 3b) . As with direct (cell-free) inhibition of 20S proteasome activity (Fig. 3a) , imexon also reduced 20S proteasome activity in treated MiaPaCa-2 cells (Fig. 3b) .
Effects of imexon on HIF-1α transcription, translation, and degradation Using real time PCR, we evaluated whether imexon altered the transcription of HIF-1α message and found no change in the levels of HIF-1α-specific mRNA in imexon treated cells (data not shown). We then asked whether the reduction in HIF-1α levels was due to changes in protein translation or degradation. The effect of imexon on new protein synthesis and degradation was examined using 35 S-Met/Cys pulse chase labeling. The results show that imexon not only reduces the synthesis of newly formed Fig. 4 Imexon inhibits the synthesis and delays the degradation of HIF-1α protein. Cells were pre-treated with 1,000 μM of imexon for 2 h prior to depletion in methionine-and cysteine-free media ("starve") for 1 h. 100 μCi/ml of 35 S-Met/Cys protein labeling mix was added ("pulse") for 1 h, after which time the "pulse" media was removed, cells washed, and replaced by "chase" media containing 10% FBS/RPMI for up to 3 h. Exposure to imexon was maintained throughout the experiment. Cells were collected at 0, 1, 2, and 3 h, and lysates immunoprecipitated for HIF-1α protein. Immunoprecipitated proteins were separated by SDS-PAGE, gels dried, and band density quantitated using ImageQuant. Data shown is the densitometric quantitation of HIF-1α protein normalized to Lamin A/C HIF-1α compared to untreated cells, but the degradation of this newly formed HIF-1α is also delayed (Fig. 4) . The slope (decay) of newly synthesized HIF-1α protein in imexon treated cells y ¼ À12:25x þ 104:47 ð Þ compared to control cells y ¼ À20:224x þ 115:44 ð Þ confirms that HIF-1α is degraded more slowly in the presence of imexon. The total amount of 35 S-Met/Cys labeled HIF-1α was significantly lower (p<0.0474) for 2 h after imexon treatment, but gradually recovered to control levels by 3 h of incubation in the non-drug containing "chase" media. These data show that imexon markedly blocks the translation of new HIF-1α protein, but conversely delays the degradation of preformed HIF-1α in human pancreatic cancer cells.
Effects of imexon on HIF-1α half-life Because of previous reports that ROS stabilize HIF-1α levels against degradation, the effects of imexon on pre-existing HIF-1α levels were determined [28, 29] . Cycloheximide, a standard inhibitor of protein synthesis, was used to calculate the half-life of preformed HIF-1α protein in MiaPaCa-2 cells. MiaPaCa-2 cells were cultured under normoxic or hypoxic conditions (1% O 2 ) for up to 24 h with 500 μM imexon, and HIF-1α protein was measured by Western blotting after 30, 60, 90, or 120 min of cycloheximide treatment. Under normoxic conditions (without imexon), the HIF-1α half-life was approximately 20 min, compared to approximately 60 min under hypoxic conditions. Following the addition of 500 μM of imexon, HIF-1α half-life was extended to greater than 120 min (Fig. 5) .
Inhibition of protein synthesis and effects on eIF-2α To determine if the reduction of the HIF-1α translation is a specific effect of imexon exposure or due to a general inhibition of protein synthesis, 14 C valine incorporation studies were carried out in both pancreatic cancer cell lines. As shown in Fig. 6 , overall protein synthesis is significantly inhibited at 300 μM imexon within 24 h. This effect is not due to cell death, as concurrently performed MTT assays show that cells remain viable in the presence of substantial (≥50%) inhibition of protein synthesis by imexon. Finally, there were no changes in the degree of phosphorylation (inactivation) of the redox-sensitive protein translation factor eIF-2α at 1, 2, 4, 8 and 24 h (data not shown).
Discussion
In the current report, the pro-oxidant small molecule imexon is shown to produce two opposing effects on HIF-1α in human pancreatic cancer cells in vitro: (1) a general decrease in protein translation characterized by a marked decrease in HIF-1α translation, and (2) an increase in the stability of previously synthesized HIF-1α protein due to proteasomal inhibition. However, the net effect of imexon 0 h). Filled squares normoxia control (0 μM imexon), t 1/2 =20 min; filled circles hypoxia control (0 μM imexon), t 1/2 =60 min; filled triangles hypoxia (500 μM imexon×4 h), t 1/2 >120 min; filled diamonds hypoxia (500 μM imexon×24 h), t 1/2 >120 min in the pancreatic cancer cells was a marked reduction in total HIF-1α protein levels. Therefore, one can conclude that the inhibition of translation by imexon is the predominant effect of the drug on HIF-1α in human pancreatic cancer cells and this may explain the maintained cytotoxic potency of imexon in hypoxic pancreas cancer cells. In contrast, gemcitabine had no effect on HIF-1α levels, under either hypoxic or normoxic conditions.
The inhibition of HIF-1α translation by imexon is not specific to HIF-1α, as total protein synthesis was markedly reduced by imexon in these pancreatic cancer cells. This same inhibitory effect on protein synthesis was previously seen in human lymphoma and multiple myeloma cell lines [8] . Eukaryotic initiation factor 2α, a known redoxregulated factor for the initiation of protein translation, was unchanged by imexon. Thus, the molecular mechanism for the inhibition of protein translation by imexon is still unknown. In contrast, the mechanism mediating prolonged stability of preformed HIF-1α by imexon appears to involve direct inhibition of the 20S proteasome. These results are consistent with well-described effects of ROS on HIF-1α stability, wherein mitochondrial ROS are known to mediate a significant increase in HIF-1α stability [31] . And, the accumulation of mitochondrially-derived ROS following imexon has been well-documented in both lymphoid [4, 5] and pancreatic cancer cell lines [7] . However, this does not prove that imexon-induced ROS are responsible for increasing the stability of preformed HIF-1α proteins following drug exposure. Indeed, because imexon inhibited proteasome activity in a cell-free assay wherein significant ROS accumulation is unlikely, the inhibitory effects of imexon may be due to direct binding of imexon to critical sulfhydryl elements in the 20S proteasome. Similarly, the likelihood of an effect of imexon on prolyl hydroxylase labeling of HIF-1α by imexon is also unlikely since the cell-free proteasome assay system does not include a prolyl hydroxylase component for degradation of the peptide substrate. This again supports the possibility that imexon may be directly binding to sulfhydryl components within the proteasome's enzymatic machinery, an effect consistent with imexon's covalent binding to other thiols [3] .
A wide variety of agents have been shown to experimentally inhibit HIF-1α [38, 39] . These include the heat shock protein-90 (HSP-90) inhibitor geldanamycin, which leads to HIF-1α breakdown [40] , the transactivation (MEK1) inhibitor PD98059, transcription inhibitors such as the topoisomerase II poison GL331 [41] , the histone deacetylase inhibitor FK228 [42] and the Ca ++ blocker carboxyamidotriazole [43] . However, by far the largest group of experimental HIF-1α inhibitors act like imexon, via inhibition of translation. This includes agents such as topotecan (a TOPO-I inhibitor [44] ), the anti-microtubule agents paclitaxel and 2-methoxyestradiol, the PI3-kinase pathway inhibitors wortmannin and LY294002 and the mTOR inhibitor rapamycin [45] . One caveat with all of these reports of HIF-1α inhibition is that drug concentrations used to inhibit HIF-1α were higher than necessary for cell growth inhibition. This raises the possibility that HIF-1α inhibition is not directly contributory to the cytotoxic effect of these agents [39] . Importantly, the concentrations of imexon used to inhibit HIF-1α translation in the current experiments are within the range of concentrations that can be achieved in cancer patients [1] . For example, at the maximally tolerated phase I dose of 875 mg/m 2 /day, imexon peak plasma levels of 715 μM were routinely obtained [1] . This is within the range of imexon concentrations (500-1,000 μM) which blocked HIF-1α translation in the current studies.
Another observation from the current studies was that hypoxia does not affect the cytotoxic potency of imexon in pancreatic cancer cell lines in vitro. This stands in marked contrast to most other cytotoxic agents wherein cytotoxic potency is significantly reduced when cells are exposed under hypoxic conditions [26] . This observation suggests that imexon comprises a good candidate for combination therapy of human pancreatic cancers, wherein tumor hypoxia is clinically well documented [16, 46, 47, 48] . Furthermore, the combination of imexon and anti-metabolites including gemcitabine have been shown to be synergistic in other cells types in vitro [49] . Collectively, these studies support continued clinical evaluation of gemcitabine and imexon in gemcitabine-sensitive tumor types such as advanced cancer of the lung, breast and pancreas.
